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Microorganisms in the terrestrial deep biosphere host up to 20% of the earth’s biomass and are
suggested to be sustained by the gases hydrogen and carbon dioxide. A metagenome analysis of
three deep subsurface water types of contrasting age (from <20 to several thousand years) and
depth (171 to 448 m) revealed phylogenetically distinct microbial community subsets that either
passed or were retained by a 0.22 um filter. Such cells of <0.22 pum would have been overlooked in
previous studies relying on membrane capture. Metagenomes from the three water types were used
for reconstruction of 69 distinct microbial genomes, each with >86% coverage. The populations were
dominated by Proteobacteria, Candidate divisions, unclassified archaea and unclassified bacteria.
The estimated genome sizes of the <0.22pum populations were generally smaller than their
phylogenetically closest relatives, suggesting that small dimensions along with a reduced genome
size may be adaptations to oligotrophy. Shallow ‘modern marine’ water showed community members
with a predominantly heterotrophic lifestyle. In contrast, the deeper, ‘old saline’ water adhered more
closely to the current paradigm of a hydrogen-driven deep biosphere. The data were finally used to
create a combined metabolic model of the deep terrestrial biosphere microbial community.
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Introduction

The existence of a deep biosphere was postulated
~ 20 years ago (Gold, 1992) and it is now known that
the presence of microorganisms extends for several
km below the surface (Lin et al., 2006). As a result of
its recent discovery and the inherent difficulties in
accessing samples from these systems, the deep
biosphere is one of the least understood ecosystems
on earth. In recent studies it has been estimated that
4.1x10"gC reside in the deep marine biosphere
(Kallmeyer et al., 2012) whereas the deep continental
subsurface is estimated to contain from 10'® to
10”7 gC (McMahon and Parnell, 2014). At depths
below those influenced by organic carbon from the
surface, the environment is suggested to be highly
oligotrophic (Hoehler and Jorgensen, 2013) and deep
life has been described as proceeding ‘in extreme
slow motion’ with generation times ranging from
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hundreds to thousands of years (Jorgensen, 2011;
Onstott et al., 2014). Despite living under extreme
energy limitation, deep subsurface microorganisms
are suggested to be predominantly viable and active
(Hoehler and Jorgensen, 2013). Several lines of
evidence support this idea including gene expres-
sion in marine subseafloor metatranscriptomes
implying metabolically active, dividing cells from
all three domains of life (Orsi et al., 2013). Whereas
information on the diversity of these deep-dwelling
microorganisms is scarce, it was recently shown that
microorganisms in more shallow groundwater
aquifers are diverse and include representatives from
many uncultivated or poorly characterized lineages
(Luef et al., 2015). Many of the cells in these aquifers
were also characterized by small physical size and
streamlined genomes (Luef et al., 2015).

The SKB (Swedish Nuclear Fuel and Waste
Management Co.)-run Aspd HRL (Hard Rock Labora-
tory) is located in Proterozoic crystalline bedrock of
the Fennoscandian shield and consists of a 3.6-km
long tunnel extending to 460 m below the ground.
Microbiological studies of the Aspé HRL have thus
far relied on a mixture of culture-dependent meth-
ods, adenosine triphosphate assays and 16S rRNA
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gene approaches. It is suggested that the bedrock
waters represent an anaerobic and oligotrophic
environment colonized by nitrate-, ferric-, sulfate-
and manganese-reducing microorganisms along with
acetogens and methanogens (Hallbeck and Pedersen,
2012; Pedersen, 2013; Ionescu et al., 2015b). A
preliminary model of energy and carbon acquisition
being driven by the ‘geogases’ hydrogen and carbon
dioxide (Pedersen, 1999) is supported by the pre-
sence of the hydrogenotrophic sulfate-reducing
bacterium, Desulfovibrio aespoeensis (Pedersen
et al., 2014). However, other potential energy sources
that may be exploited by microorganisms in the deep
biosphere should also be evaluated. These include
anaerobic oxidation of inorganic sulfur compounds
(Osorio et al., 2013) and exudation of organic carbon
by chemolithoautotrophic microorganisms that
may be subsequently utilized by heterotrophs
(Nancucheo and Johnson, 2010). Potential chemo-
lithotrophic metabolisms of deep biosphere micro-
organisms have traditionally been evaluated based
upon standard conditions rather than in situ condi-
tions and reactant concentrations. Using in situ
values suggests that energy can be harvested from
the transformation of sulfur, iron, nitrogen, methane
and manganese compounds, and this is in good
alignment with microbial metabolic capabilities
inferred from previous 16S rRNA gene inventories
(Osburn et al., 2014).

Metagenomics is the sequencing of environmental
DNA from the entire microbial community without
introducing biases from culturing or PCR amplifica-
tion. This technique has been applied to the deep
subsurface such as the Outokumpu drill hole where
homoacetogenic, methylotrophic and methanogenic
processes are present (Nyyssonen et al., 2014).
However, in the referenced study, the metabolic
functionality was not partitioned to different taxa.
A deep terrestrial biosphere metagenome has also
been used to reconstruct the complete genome of
Candidatus Desulforudis audaxviator that comprises
>99.9% of the microorganisms in a fracture within a
2.8-km deep South African gold mine (Chivian,
2008). A third study identified the dominating
microorganism to be Halomonas sulfidaeris in a
1.8-km deep subsurface Cambrian Sandstone reser-
voir (Dong et al., 2014). The latter environments are
characterized by low species diversity in contrast to
more diverse communities in the Outokumpu drill
hole (Nyyssonen et al., 2014) and have very different
geological conditions to the Fennoscandian Shield.

The present study investigates the genetic poten-
tial in microbial metagenomes from three water
types at the Aspd HRL. To advance our under-
standing of metabolic interactions within the
indigenous microbial community, the sequencing
data were partitioned and assembled into amalga-
mated genomes from phylogenetically distinct
populations. Subsequently, a metabolic reconstruc-
tion of the dominant community members and an
insight into their potential dependencies and other
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community-level interactions in the deep terrestrial
biosphere were inferred.

Materials and methods

Site description

The Aspo HRL is situated in the south of Sweden
(Lat N 57° 26’ 4" Lon E 16° 39’ 36"’). The bedrock is
principally 1800 million years old granite and quartz
monzodiorite (Hallbeck and Pedersen, 2008; Strom
et al., 2008) and thus is dominated by quartz and
aluminosilicate minerals like feldspars and mica.
The Aspo HRL tunnel contains boreholes drilled into
the bedrock that interconnect with fissure systems
bearing waters with different dominating character-
istics. More detailed information on the chemistry,
geology and hydrology of the fissures are given
elsewhere (Smellie et al., 1995; Laaksoharju et al.,
2008; Mathurin et al., 2012).

Monitoring of abiotic factors

The chemical and isotopic data of the groundwaters
were collected within the Groundwater Chemical
Monitoring program of the Asp6 HRL. The principal
component analysis was generated using gdata
package (Warnes et al., 2014) and prcomp from stats
package in R (R Development Core Team, 2011).

Microbial sampling, cell counting, microscopy, DNA
preparation and sequencing

Borehole waters were first flushed with three to five
section volumes of water. Planktonic cells >0.22 pm
and >0.1pm were collected on membrane filters
and DNA extracted using the MO BIO PowerWater
DNA isolation kit as described in Supplementary
Files 1 and 2. The cells passing the 0.22 pm filter
(that is, the <0.22 pm fraction) were prepared by the
iron chloride precipitation method followed by
filtration through a 0.8 pum filter based on John
et al. (2011). The cells were concentrated with an
Amicon Ultra-15 centrifugal device and DNA
extracted with the Wizard PCR Preps DNA purifica-
tion System (Promega, Fitchburg, WI, USA)
(Supplementary Files 1 and 2). The 16S rRNA gene
tag sequencing was carried out on an Illumina MiSeq
(Illumina, San Diego, CA, USA), whereas community
DNA was sequenced on an Illumina MiSeq and
HiSeq from the >0.22pum and <0.22 pm borehole
fractions, respectively.

Bioinformatic analysis

Metagenome analysis was carried out using an
in-house  pipeline  incorporating = CONCOCT
(Alneberg et al., 2014) as described in the
Supplementary File 1. The near-complete genomes
are given in Supplementary File 3. Metagenome
data were deposited in the National Center for
Biotechnology  Information  (NCBI) database
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(BioProject IDs PRJNA279923 (>0.22pum) and
PRJNA279924 (<0.22 pm)).

Results and discussion

Geochemical characteristics of the borehole fracture
waters

All three fracture groundwaters were neutral (pH
7-8), carried iron entirely as Fe**, contained dis-
solved sulfide (HS™), had temporally stable chemis-
try and 8'®0, and based upon the presence of Fe**
and HS™ the redox potential was low and dissolved
oxygen would have been absent (Table 1). However,
they differed in terms of several chemical constitu-
ents. Based on their major element chemistry and
8'0 values, the groundwaters could be character-
ized with regard to origin and age (Laaksoharju et al.,
2008).

SA1229A had high magnesium and potassium
concentrations, which are tracers of marine waters in
these settings (Gimeno et al., 2014), and also had
similar values for the conservative variables chloride
and 8*®0 as modern Baltic Sea water (Mathurin et al.,
2012). This groundwater was thus composed of
infiltrated brackish marine (Baltic Sea) water and
was termed ‘modern marine’ (metagenome bins

Table 1 Concentrations of abiotic factors

defined as ‘MM’). The precise infiltration age of the
groundwater was not known, but was estimated to be
<20 years and is probably even more recent
(Mathurin et al., 2014b). The origin and age of the
KA3105A:4 groundwater cannot be defined in detail.
It had relatively low chloride concentrations and
thus was strongly influenced by fresh waters, such as
glacial meltwater and/or modern meteoric water. It
may also contain appreciable amounts of Baltic Sea
water or Littorina Sea water. However, it also likely
contained older waters as it was sampled at 415.19 m
below ground surface. It was concluded that the
KA3105A:4 groundwater was composed of a mixture
of several different water types and was termed an
‘undefined mixed’ (metagenome bins defined as
‘UM’). KA3385A:1 had high chloride and calcium
concentrations and relatively low 8'®0 values. These
features are typical for saline groundwater with a
residence time in the order of thousands of years or
more (Louvat et al., 1999). However, the chloride
concentration of this groundwater was considerably
lower than for pure old saline water at the site
(Mathurin et al., 2012). Therefore, this groundwater
had been diluted by waters with lower salinity
including glacial meltwater from the retreat of the
last Pleistocene continental ice sheet and marine
water intruded during the Littorina Sea stage a few

SA1229A (170.84 m)

KA3105A 4 (415.19 m)°

KA3385A_1 (448.37 m)°

Median Min-max Median Min-max Median Min-max
pH 7.3 7.0to 7.4 7.5 7.5t0 7.6 7.5 7.0to0 7.9
Na 1545 1500 to 1670 1120 1030 to 1260 2200 1850 to 2430
Mg 134 120 to 155 82 67 to 92 67 62 to 73
K 29 25 to 33 12 9 to 14 10 9to 12
Ca 260 238 to 315 342 281 to 390 1900 1680 to 2270
Cl- 3017 2850 to 3381 2341 1684 to 2400 6819 6240 to 7560
SO;~ 274 224 to 312 223 217 to 229 378 346 to 417
DOC 6.9 4.8 to 8.1 6.8 6.4 to 7.5 1.4 0.8 to 3.6
HCOg3; 255 241 to 266 217 203 to 227 25 10 to 31
5'%0 -7.2 -7.1to0 -8.1 -9.0 -9.3t0-8.3 -10.8 —-12.5 to —10.2
Fe total 1.8 1.5 to 2.1 0.42 0.33 to 0.45 0.21 0.16 to 0.29
Fe?* 1.8 1.5 to 2.1 0.42 0.29 to 0.44 0.21 0.16 to 0.28
Mn 0.72 0.62 to 0.79 0.60 0.47 to 0.62 0.46 0.39 to 0.50
HS 0.02 0.005 to 0.127 0.127 0.054 to 0.399 0.05 bd to 3.26
NHi N 4.92 0.98 to 6.13 0.36 0.24 to 0.37 0.06 0.02 to 0.08
PO;-_P 0.008 0.006 to 0.022 bd bd to bd bd bd to 0.001
NO; bd bd to bd bd bd to bd bd bd to 0.001
NO3z 0.0007 0.0005 to 0.0008 0.0005 0.0003 to 0.0005 0.0002 bd to 0.0003
Temp (°C) 12.44 NA 14.5° 14.3 to 14.6 15.1° 14.6 to 15.6

Abbreviations: bd, below detection limit; NA, not available.

Data for modern marine (SA1229A) and old saline (KA3385A:1) cover 1999—-2014 and undefined mixed (KA3105A:4) cover 2009-2014.
Concentrations are presented as mgl™*', and the isotopic ratio (5'°0) as **0/*°O relative to Standard Mean Ocean Water. Descriptions of the
analytical techniques and precision of the chemical and isotopic variables are given elsewhere: Cl~ and §'°O (Mathurin et al., 2012); Na, K, Ca, Mg
and NH; (Mathurin et al., 2014b); Fe**, Fe total, dissolved organic carbon (DOC) and HS™ (Alakangas et al., 2014); NO; and NO; (Rénnback and
Astrém 2007); and Mn, SO%-, HCO; and PO?~ (Mathurin et al., 2014a). The data were retrieved on 17 October 2014 (Sicada-14-047) except

temperature (Temp) that was based on values taken in 2011.

*Three to 10 measurements.
"Three to 6 measurements.
°Seven to 31 measurements.

YEstimated value taken from the nearby KA1755A borehole.

°Average of two data points.
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Figure 1 Principle component analysis of the chemical compo-
nents from the three water types, modern marine (SA1229A),
undefined mixed (KA3105A:4) and old saline (KA3385A:1).

thousands of years ago (Mathurin et al., 2012).
This groundwater was termed ‘old saline’ (metagen-
ome bins defined as ‘OS’).

A principal component analysis (Figure 1) of
chemical characteristics for the three water types
showed that dissolved organic carbon was associated
with both the modern marine and undefined mixed
water types. This organic carbon is regarded to be
dominated by reduced humic substances, consisting
of humic and fulvic acids in variable proportions
(Mathurin et al., 2014a) that may be a source of
electron donors for heterotrophic species. The higher
amounts of dissolved organic carbon in the modern
marine water was supported by cell counts showing
lower cell numbers in the undefined mixed and old
saline waters (127 cells per ml in the modern marine
water compared with 37 and 100 cells per ml in the
undefined mixed and old saline waters, respec-
tively). These microorganisms may have been grow-
ing by nitrate reduction to nitrite and/or ammonia in
both water types, as indicated by the elevated levels
of nitrite in both waters and ammonium in the
modern marine water. The source of oxidized
nitrogen is unknown but based upon community
mRNA transcript sequencing it has been hypothe-
sized to be formed in a subseafloor sediment as a
by-product of anaerobic ammonium oxidation
(Orsi et al., 2013). In addition, previous studies at
the Aspd HRL have identified nitrate/nitrite-redu-
cing species (Nielsen et al., 2006; Pedersen 2013;
Ionescu et al., 2015a, b). Elevated levels of hydrogen
sulfide suggested that microbial sulfate reduction
might be a more dominant form of respiration in the
undefined mixed water compared with the modern
marine water. In contrast, increased levels of ferrous
iron in the modern marine water suggested anaerobic

Metabolic potential in the deep biosphere
XWu et al

ferric iron reduction may be a growth strategy in this
water mass. However, homologs may not have been
identified as the gene(s) encoding for ferric reductase
has only been identified in a few species, such as
from the Geobacter and Shewanella genus (Bird
et al., 2011), or because soluble redox mediators
were used. The lack of chemical ions associated with
microbial metabolism in the old saline water
probably reflected a lower biomass, as supported
by the lower amounts of DNA recovered from this
water (Supplementary File 2).

DNA extraction and metagenome sequencing data
The volume of the different water types filtered,
amount of DNA extracted and details of metagenome
sequencing are provided in Supplementary File 2.
Details of each approved phylogenetic bin are given
in Supplementary File 4. Many of the cells in the
tested Asp6 HRL water types passed a 0.22 pm filter
and electron microscopy confirmed their small cell
size (Supplementary File 5). There was little taxo-
nomic overlap between these small cells (<0.22 pm
metagenome; metagenome bins defined as ‘S’) and
those that were retained (>0.227pm metagenome;
metagenome bins defined as ‘L’) (Supplementary
File 6). For duplicate metagenomes, there was
general agreement between the relative percentages
of the mapped reads assigned to phylogenetically
closely related species (Supplementary Files 4 and 6).
For instance, MMS A4 and MMS B4 constituted
24.1% and 22.8% of the mapped reads in their
respective metagenomes.

Microbial community from metagenome binning

The deep biosphere is suggested to have cell turn-
over rates ranging from hundreds to thousands of
years (Hoehler and Jorgensen, 2013) and as a
consequence it is extremely difficult to describe
processes by direct measurements. With culture-
independent molecular methods, these limitations
can be at least partly overcome, but only very
recently have there been attempts to use such
information to generate hypotheses regarding the
potential metabolic capacity of individual popula-
tions within complex communities (Wrighton et al.,
2012). To understand how populations interact and
collectively perform ecosystem processes, such
information is critical. Here we partition community
metagenomes into individual populations (Figure 2)
to provide hypotheses on the biology and metabolic
strategies (Figure 3) as well as potential interactions
between populations (Figure 4) within three water
types in the terrestrial deep subsurface.

The phylogeny of the dominant microbial
community members from the three water types
was reconstructed from nearly complete assembled
population genomes (Figure 2 and Supplementary
File 7). Proteobacteria were retrieved in all three
water types, and for both size fractions but at higher
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Figure 2 Whole-genome phylogenetic tree showing the CONCOCT bins from the duplicate metagenomes sequenced from the three water
types. The first and second rings show >0.22pm and <0.22 pm metagenomes, respectively, with the color coding: modern marine
(orange), undefined mixed (green) and old saline (blue). The third ring shows estimated genome sizes <1.3Mb in >0.22 pm (black) and
<0.22pm (gray) metagenomes. The clades labeled with large white circles correspond to Sulfurovum sp. SCGC_AAAO036-F05 and
Sulfurimonas sp. GD1 (left side of figure) and Candidatus Saccharobacterium alaburgensis (right side of figure).

taxonomic resolution, clearly partitioned commu-
nities were observed. At the class level, a- and
y-Proteobacteria were exclusively found in the
<0.22pum cell size, whereas 8-Proteobacteria were
only detected in the >0.22 pm size fraction. This
division in cell sizes between the water types at the
class level was also generally supported by the 16S
rRNA gene tag sequencing (data not shown). The
microbial communities were also partitioned by
water type, where Actinobacteria were only identi-
fied from the <0.22pm cell size old saline water.
Finally, archaea were recovered from the >0.22 pm
size fraction old saline metagenome, but were only
distantly related to any genome in the NCBI or
PATRIC database. Despite the populations in this
study being from pH-neutral groundwaters, the
closest match was to Archaeal Richmond Mine
acidophilic nanoorganisms Candidatus Micrarch-
aeum acidiphilum ARMAN-2 previously identified
from an extremely acidic sulfide mineral mine (Dick
et al., 2009) (Supplementary File 7).

The metagenomes from the three water types were
partitioned into draft genome bins using CONCOCT
(Alneberg et al., 2014) that utilizes 36 single copy
housekeeping genes to estimate the genome cover-
age. The presence of >31 of the single copy genes
(suggesting a statistical average of >86% coverage of
the genome) and no more than two duplicates of the
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same gene were considered a near-complete genome
bin. The near-complete genome bins, representing
populations, were searched for genes coding for
metabolic pathways involved in electron donor
utilization, electron acceptors, ability to fix carbon
dioxide and nitrogen and uptake of nutrients
(Table 2 and Supplementary File 8). These data
were then used to identify the different suggested
potential growth strategies and putative population
interactions within communities from the three deep
biosphere water types.

Metabolism in modern marine water

The >0.22 pm metagenome had the highest relative
percentage of reads that mapped to the bin MML_A2
that was related to Chlorobi/Ignavibacteriae (5.4%;
all quoted values in the sections below refer to the
percentage of mapped reads from the respective
metagenome). This population aligned most closely
to the fermentative species Ignavibacterium album
and potentially grew via fermentation or anaerobic
hydrogen and ethanol oxidation coupled to electron
transport via the ferredoxin:NAD* oxidoreductase
Rnf complex. The recently discovered Rnf complex
(Schuchmann and Muller, 2014) appears to be used
in many anaerobic microorganisms to couple the
oxidation of organic carbon or hydrogen to NAD*
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Figure 3 Model of potential metabolic pathways in the modern marine (orange), undefined mixed (green) and old saline (blue) waters.
The Roman numerals refer to the groups defined in Table 2. The figure shows recharge of the modern marine water from the Baltic Sea
(providing organic carbon and microorganisms) and the gases hydrogen and carbon dioxide. The cell wall thickness represents <10%
(thinnest line), 10-50% (medium line) and >50% (thickest line) of the average percent mapped reads divided by the total percentage of
mapped reads in all bins from the respective duplicate metagenomes (Table 2; making a total of 200%: 100% for the <0.22 pm cells plus
100% for the >0.22 pm cells).
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Figure 4 Model of potential metabolic interactions and dependencies among populations in the deep biosphere modern marine (orange),
undefined mixed (green) and old saline (blue) waters. The Roman numerals refer to the groups defined in Table 2.

(via ferredoxin) for adenosine triphosphate produc-
tion at redox potentials below —320mV. A second
phylogenetic population was represented by
MML_B2 (most related to Candidatus Endomicro-
bium sp.) that also encoded genes assigned to
anaerobic hydrogen oxidation and the electron
transport Rnf complex. Both of these populations
have a reversible type III anaerobic, NADP-
dependent hydrogenase that we suggest functions
for hydrogen oxidation as the populations also

contain the Rnf complex. An example of potential
metabolic interactions (Figure 4) is hydrogen
produced as a fermentation product that can subse-
quently be utilized by a hydrogen oxidizing popula-
tion, thus creating a cryptic hydrogen pathway,
whereby any produced hydrogen would likely be
immediately consumed. MML_A1 and MML_B1
(2.2% and 1.3%, respectively) from the replicate
metagenomes both grouped with Candidate division
OD1. Based on the number of identified single copy
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genes, these genome bins were estimated to have
>86% genome coverage (Supplementary File 4).
Despite the high estimated genome coverage, only
genes coding for fermentation of simple organic
carbon compounds could be identified (for example,
the cells appeared to lack tricarboxylic acid cycle or
electron transport components). Neither carbon
dioxide nor nitrogen fixation could be identified
from the >0.22 pm metagenome bins.

The <0.22 pm metagenome for the same water
type generated 13 bins (totaling 41.5% and 41.3% in
the replicate metagenomes) representing populations
that were predicted to ferment pyruvate to ethanol,
propionate, lactate or hydrogen. Further possible
electron donors included ethanol that could be
degraded to acetyl-CoA (via pathways I to IV) that
was present in the majority of the reconstructed
genomes. Methane is also a potential electron donor
via anaerobic oxidation coupled to nitrate reduction
(Haroon et al., 2013; Orcutt et al., 2013) and the
phylogenetically similar MMS_A3 and MMS_B3
(both related to Mesorhizobium alhagi) that contains
genes assigned as the respiratory nitrate reductase
napAB (2.0% and 1.4%, respectively) and conver-
sion of methane to methanol. However, the encoded
proteins may also mediate reversed methanogenesis.
The final step in conversion of one carbon (C,)
compounds to carbon dioxide is catalyzed by
formate dehydrogenase and homologs were identi-
fied in 13 populations (45.5% and 41.0%), suggest-
ing these species were able to grow utilizing C,
compounds. A potential respiratory electron accep-
tor was nitrate that was converted to nitrite (seven
bins totaling 18.9% and 17.2%), ammonia (four bins
totaling 25.2% and 23.8%) or nitrogen gas (24.1%
and 22.8%) as the end products. This was in
agreement with the chemical signature of the marine
water mass, where ammonia and nitrite concentra-
tions were elevated (Figure 1). Furthermore, five bins
(16.9% and 15.8%) were suggested to fix carbon
dioxide via the Calvin—Benson—Bassham (CBB) cycle
and two bins (24.1% and 24.1%) to fix nitrogen. No
evidence was identified in any of the water types for
other carbon dioxide fixation pathways than the
energetically expensive CBB cycle, suggesting
alternative autotrophic processes were not dominant
in the communities. Surprisingly, this included the
Wood-Ljungdahl pathway that operates in conjunc-
tion with the Rnf complex in acetogenic microorgan-
isms for autotrophic growth in thermodynamically
limited environments (Schuchmann and Muller,
2014). It was also surprising that genes supporting
the presence of the reductive tricarboxylic acid cycle
and reductive acetyl CoA pathway were not identi-
fied as these methods of carbon dioxide fixation are
more prevalent in anaerobic microorganisms (Hugler
et al., 2003). The Rnf complex has additional roles
such as during anaerobic nitrogen fixation that may
be occurring in some populations, such as MMS_A7,
or to create an ion motive force for transport across
the membrane (Schuchmann and Muller, 2014).
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Finally, the presence of gene homologs in several
populations to oxidize thiosulfate and reduce nitrate
along with CBB genes for carbon dioxide fixation (for
example, MMS_B2) suggested the potential to grow
chemoautotrophically.

The current paradigm for life in the deep terrestrial
biosphere points toward an autotrophic system
fueled mainly by hydrogen of geological origin
(Hallbeck and Pedersen, 2008). Our data partially
support this model but also point to an important
role of heterotrophic growth via organic carbon
potentially recharged from the Baltic Sea over years
to decades. This results in many abundant commu-
nity members that seem to rely exclusively on
fermentation.

Metabolism in undefined mixed water

Three near-complete genome bins were recon-
structed from the undefined mixed water >0.22 pm
metagenome. Two of these bins were phylogeneti-
cally most related to Candidate division OD1
(UML_A1) and unclassified bacteria (UML_B2).
However, these bins only represented a minor
portion of the community as they contributed 1.4%
and 0.3% of the mapped reads, respectively. These
populations also had a reduced genome size and we
suggest they have a similar, simple fermentative
growth strategy as described for MML_A1 and
MML _B1 from the modern marine water. The third
bin, UML_B1 has the suggested metabolic strategy of
fermenting pyruvate to propionate, anaerobically
oxidizing hydrogen, and oxidizing formate to carbon
dioxide. Bin UML_B1 was also suggested to utilize
nitrate reduction to nitrite and sulfate to sulfide
during anaerobic respiration and fix nitrogen for
cellular growth. The ability to reduce nitrate was
supported by an elevated concentration of nitrite in
this water type, analogous to the modern marine
water. Hydrogen sulfide was strongly elevated in the
undefined mixed water, despite that only a single
phylogenetic bin was identified containing genes
coding for the dissimilatory sulfite reductase. This
may be explained by either a disproportionately high
sulfate reduction activity of this population com-
pared with sulfate reducers in the other waters (that
novel, unidentified sulfate-reducing mechanisms
were present) or that genomes from less abundant
sulfate-reducing  populations could not be
assembled.

A total of 15 near-complete bins were constructed
from the undefined mixed <0.22 pm metagenome
with a relatively uniform abundance distribution
and altogether contributing 9.1% and 12.8% of the
mapped reads. Of the 15 reconstructed bins, 9 were
suggested to be able to ferment pyruvate to ethanol
(3 bins; 3.2% and 2.6%), propionate (5 bins; 2.0%
and 5.5%), lactate (6 bins; 7.4% and 4.8%) or
hydrogen (2 bins; 0% and 4.2%). Eight bins had
genes assigned to mediate ethanol degradation to
acetyl-CoA (6.6% and 9.8%) and a further three bins
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were suggested to be able to further ferment the
acetyl-CoA to butyrate (2.6% and 3.3%). Four of the
undefined mixed populations were suggested to
utilize formate. None of the bins were suggested to
reduce sulfate or sulfur, but five bins were suggested
to reduce nitrate to either nitrite (0.6% and 1.9%) or
ammonia (3.4% and 3.6%). The phylogenetically
similar UMS_A3 and UMS B3 (2.6% and 2.6%)
were most similar to Marinomonas sp. and were
suggested to generate an ion motive force via the Rnf
complex during heterotrophic growth. Only two
populations contained genes assigned to the CBB
cycle for carbon dioxide fixation (UMS_A2 and
UMS_B2 related to Limnobacter sp.; both 0.6%),
suggesting these species may have been sufficiently
active to support the community or that novel carbon
dioxide pathways were not identified. The ability to
oxidize the inorganic sulfur compound thiosulfate
might also allow the nitrate-reducing populations to
grow chemoautotrophically.

Metabolism in old saline water

A total of 17 bins were identified from the old saline
water >0.22 pm metagenome (totaling 23.8% and
64.3%). One of the >0.22 pm replicate metagenomes
was dominated by population OSL_B1 that was most
similar to Dechloromonas aromatica and contribu-
ted 57.7% of the mapped reads. For the replicate
metagenome, the phylogenetically related popula-
tion (OSL_A1) merely contributed 4.9% of the
mapped reads. Gene homologs in these bins implied
a capacity to utilize several organic carbon sources
including pyruvate, acetyl-CoA, ethanol, formate
and methane. A potential anaerobic terminal elec-
tron sink was nitrate reduction to ammonia or
nitrogen gas coupled to generation of an ion motive
force via the Rnf complex. These two populations
were also suggested to fix nitrogen and carbon
dioxide. The other bins in the >0.22 pm metagen-
ome also contained populations suggested to ferment
pyruvate and acetyl-CoA, degrade ethanol, oxidize
formate and convert methane into methanol. In
addition to the two bins most similar to
D. aromatica, a further eight populations were
suggested to utilize nitrate and/or sulfate as terminal
electron acceptor. Despite the presence of potential
sulfate-reducing bacteria, the principal component
analysis suggested the old saline water was enriched
with sulfate. This may be because of insufficient
energy supply (electron donor inputs) to effectively
drive sulfate reduction. Alternatively, the bacterial
(OSL_A10 and OSL_A11) and archaeal (OSL_AZ2,
OSL_A5, and OSL_A9) populations reduced the
sulfur (but not sulfate) to sulfide. Three populations
(4.9% and 60.5%) were suggested to be able to
denitrify to the level of nitrous oxide or nitrogen gas
that could also fix nitrogen. Eight of the old saline
>0.22 pm metagenome bins contained homologs for
hydrogen oxidation (13.5% and 3.0%), whereas 6
populations contained homologs for carbon dioxide
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fixation via the CBB cycle (6.9% and 60.5%),
potentially suggesting a greater dependence on the
gases hydrogen and carbon dioxide from geological
origin to support growth in the deeper and older
fracture waters. Finally, a population most similar to
Candidate division OP11 was identified that, similar
to the other detected candidate divisions, had a
fermentative metabolism while lacking the tricar-
boxylic acid cycle and ability to respire.

The <0.22 pm old saline metagenome contained
16 populations totaling 11.9% and 16.3% of the
mapped reads. Of these 16 populations, 13 were
suggested to ferment pyruvate to various final
electron acceptors (9.5% and 14.1%); 11 had the
potential to degrade ethanol (10.8% and 13.7); 7
could possibly perform formate oxidation (3.8% and
7.5%); and 1 population was suggested to be able to
oxidize methane to methanol. The potential final
electron acceptor was nitrate that was reduced to
nitrite, ammoni, or nitrous oxide by, for example,
OSS_A4 and OSS B4 or sulfur reduction to sulfate
by OSS_A6 and OSS_B6. In addition, three bins
(all y-Proteobacteria; 0.7% to 1.9%) were suggested
to be able to generate an ion motive force via the Rnf
complex.

In contrast to the modern marine water, the deep
old saline water more closely adheres to the present
metabolic model with populations growing via
chemolithotrophic processes. These putative auto-
trophs also include unclassified and poorly under-
stood archaeal groups, in agreement with the
tendency for archaea to become more prevalent as
the depth below the surface increases (Hoehler and
Jorgensen, 2013). Fermentative populations from
candidate divisions constituted 3.5% of the mapped
reads in the modern marine water compared with
0.8% in the old saline water, further pointing to the
importance of heterotrophy in the younger water
versus autotrophy in the old saline water. The old
saline water populations were also suggested to have
a greater tendency to sulfate/sulfur reduction than
the shallower water types.

Potential adaptations to extreme oligotrophy

One feature of the communities was the apparent
existence of extremely small microbes that passed
the 0.22 pm membrane filter, and electron micro-
scope observations indeed supported the presence of
very small cells (Supplementary File 5). These small
cells included genome bins assigned to the a-, - and
y-Proteobacteria (Figure 2). The cell sizes of all the
phylogenetically closest published type species
related to the populations in the <0.22 pm metage-
nomic bins were > 0.3 x 1.0 pm. Because of the small
cell size, low cell density and consequent challenges
in microscopic analyses, the portion of small cells
(<0.22 pm) were estimated with a PCR and sequen-
cing approach. The abundance of operational taxo-
nomic units that were retained by a 0.22 pm filter
(designated as large cells) and those that were



retained by a 0.1 pm filter but not present in the large
cells (designated as small cells) was quantitatively
compared (Supplementary Files 1 and 9). These data
suggested a median percentage of 47%, 54% and
50% of the modern marine, undefined mixed and
old saline communities were made up of cells that
were unique to the fraction that passed the 0.22 pm
filter. Because of the 0.1 pm filter size being used to
select for the small cells (as compared with iron
chloride precipitation), the estimated percentage of
small cells may be conservative. Although these
PCR-based estimates are associated with some
uncertainty, the values of ~50% small cells in the
three water types warrants further investigation of
their role in the deep terrestrial biosphere. An
abundance of microorganisms with small cell sizes
have recently been described for microbes in shallow
aquifers (Luef et al., 2015), but these are the first data
pointing to their existence in the terrestrial deep
biosphere.

Another potential adaptation to oligotrophy is
reduced genome size (Swan et al, 2013;
Giovannoni et al., 2014). Although most of the
reconstructed genomes were >1.3 Mb, a few stream-
lined genomes were identified. These included bins
assigned to Candidate division OD1 found in the
modern marine and undefined mixed waters along
with Candidate division OP3 found in the undefined
mixed water (Figure 2). Comparing the estimated
size of the reconstructed genomes to the closest
matching reference genomes in the databases
revealed that overall 63% of the genomes in the
<0.22 pm fraction were reduced in comparison with
the reference genomes in the NCBI database. One
example was for the replicate populations OSS_A5
and OSS_B5 that both had genomes 37% smaller
than the Microbacterium barkeri reference genome.
However, there did not appear to be a trend of
smaller genome sizes with depth. As a reference, the
sizes of reconstructed genomes in the >0.22pm
metagenomes were on average larger than the closest
matching reference genomes in the NCBI database.

Assessment of potential sample contamination

Many potential sources of contamination in ground-
water communities are associated with drilling and
deep biosphere sampling. The Aspoé HRL circum-
vents the majority of these issues because: (1) the
Aspd HRL tunnel was constructed decades ago and
the studied fissures are reached by boreholes from
the tunnel wall and are thus far away from an
oxidizing environment and (2) the water from the
boreholes flow into the tunnel, where the sampling is
carried out, by gravity and therefore water-pumping
activities that can induce a variety of contamination
and sampling errors are avoided. However, the
addition of materials to boreholes in order to enclose
the targeted fissure (called ‘sections’) can be a source
of electron donors for the microbes (Drake et al.,
2015). For this reason, three to five section water
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volumes were drained from the borehole to allow
pristine groundwater to flow. Recently, Salter et al.
(2014) presented an analysis of the impact of
contamination of DNA derived from laboratory
chemicals in sequence-based community analyses.
This should not be a major issue in the present study
as the recovered amount of DNA was high (0.17 to
2.10 png). Nevertheless, an evaluation of potential
contamination was performed, showing no evidence
of reagent contamination (Supplementary Files 10
and 11). In addition, in a different project with
samples prepared with the same protocol, laboratory
chemicals and in the same laboratory as the
<0.22 pm fraction for the data reported here, none
of the taxa assigned to the bins in this study were
detected among contigs longer than 100 kb (data not
shown). This was consistent with sample prepara-
tion or reagents used not significantly contributing to
the recovered DNA from the boreholes.

Conclusions

One striking feature for all three water types was the
potential ability of the major populations to use a
plethora of metabolic processes to sustain their
energy and nutrient requirements. For example,
several populations were suggested to be able to
grow mixotrophically including the modern marine
group I (Figure 3) that potentially ferments organic
carbon, couples inorganic sulfur compound oxida-
tion to nitrate reduction and fixes carbon dioxide via
the CBB cycle. An exception to this was several
poorly understood microbial taxa associated with
candidate division populations that were suggested
to grow via fermentation of simple organic carbon
compounds or amino acids. These candidate divi-
sion populations show a greater dependency on
heterotrophy in these waters than previously
reported.

The metabolic model of the dominant populations
in the microbiome at 171 m below the surface of the
earth at the Aspd HRL has a greater dependency on
organic carbon than the paradigm of an autotrophic,
hydrogen-driven environment. This organic carbon
could potentially be provided from the surface
waters of the Baltic Sea. In contrast, the dominant
microbial community in the deeper and more
anciently formed saline waters appears to be more
extensively maintained by chemolithoautotrophic
processes. The ability to reduce sulfate (or sulfur)
by known pathways was primarily found in the
deepest, old saline waters but was less widespread in
the modern marine water compared with previous
models of the Fennoscandian deep biosphere based
upon growth experiments and 16S rRNA gene-based
methods (Itavaara et al., 2011; Pedersen 2012, 2013).
Furthermore, the dominant populations have no
genomic signal for ferric or manganese reduction or
methanogenesis, despite that these microorganisms
have been cultured from the Aspé HRL (Hallbeck

1201

The ISME Journal



Metabolic potential in the deep biosphere
XWu et al

1202

and Pedersen, 2008) and that key genes in methano-
genesis have been amplified from the Outokumpu
deep borehole waters (Purkamo et al., 2015).

Finally, the Asp6 HRL microbial communities
included cells with a small cell size that also had a
tendency to have smaller genomes than their closest
sequenced relatives. This may be a physiological
adaptation to life in highly oligotrophic deep bio-
sphere groundwaters. A consequence of their small
size makes these cells likely to have been overlooked
in earlier studies relying on membrane capture.
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